The plant epidermis or cuticle is constantly exposed to external and internal environmental factors, including an enriched and diverse community of bacteria, yeast, fungi, viruses, and mites. It is not only where the plant has its first physical barrier, but also where organisms can be recognized and potentially where the plant defense responses can be triggered. The plant cuticle is a polymeric composite formed by an array of structurally and chemically heterogeneous compounds, including cutin and wax. A few studies have shown that cuticular components are essential and important drivers of the structure and size of the bacterial community. On the other hand, cuticular components are also important for both pathogens and plants, to initiate the pre-invasion and infection process and to activate the innate immune response, respectively. In this review, we explore current knowledge on the role of the cuticle during the intimate interactions between plants and microorganisms, in particular pathogenic and non-pathogenic bacteria and fungi. Finally, we propose new perspectives on the potential use of this information for agriculture.
Introduction
Besides bark, the cuticle is the structure that covers the surface of the epidermal cells of the aerial parts of higher plants, such as petals, seeds, fruits and leaf structures, including stomata and the trichomes that arise from the epidermis and extend outward (Riederer and Schreiber, 2001; Müller and Riederer, 2005; Riederer, 2007; Jones et al., 2014; Fich et al., 2016) . As a physical barrier, one of the main functions of the cuticle is to prevent water loss and at the same time avoid the penetration of solutes and pollutants into the plant, and to protect it against irradiation, xenobiotics, herbivores, and microorganisms (Müller and Riederer, 2005; Domínguez et al., 2011; Nawrath et al., 2013) . The cuticle is considered to be a composite formed by an array of structurally and chemically heterogeneous compounds, dominated by the biopolyester cutin, which consists of a matrix of mid-chain hydroxy and/or epoxy C 16 and/or C 18 fatty acid monomers (Domínguez et al., 2011; Nawrath et al., 2013; Fernández et al., 2016) . It also has waxes, which are a complex mixture of compounds containing predominantly very-long-chain fatty acids (VLCFAs; C 20 -C 40 ), alcohols, alkanes, aldehydes, esters, and triterpenoids, which can be found within the cutin matrix (intracuticular waxes) or on its surface (epicuticular waxes). Epicuticular waxes accumulate as an amorphous layer or in the form of discontinuous crystals, which gives them a glaucous appearance (Gniwotta et al., 2005; Jeffree, 2007; Jetter et al., 2007; Domínguez et al., 2011; Yeats and Rose, 2013; Fernández et al., 2016) . Other minor compounds present in the cuticle are phenolics, cutan, polysaccharides, and mineral elements. Previous reviews have described how the heterogeneous structural and chemical nature of the cuticle varies between species, genotypes, organs, and developmental stages (Müller and Riederer, 2005; Jetter et al., 2007; Yeats and Rose, 2013; Fernández et al., 2016; Vacher et al., 2016) .
The plant epidermis is constantly exposed to external and internal environmental factors, including an enriched and diverse community of bacteria, yeast, fungi, viruses, and mites. Such complexity can be easily found to average approximately 10 6 -10 7 cells cm −2 of leaf (Lindow and Brandl, 2003; Baldwin et al., 2017) . For this reason, besides its central function as a protective barrier, the cuticle plays an important role during the interaction with leaf microbiota, including pathogenic and non-pathogenic microorganisms (Vorholt, 2012; Vacher et al., 2016) . In order to avoid the invasion of pathogenic microorganisms, plants have evolved inducible defense responses. The initial defense responses constitute the so-called plant innate immunity, which is triggered by recognition of the chemical molecules microbe-, pathogen-and/or damage-associated molecular patterns (MAMPs, PAMPs and/or DAMPs, respectively), which are released during the interaction with microbes and recognized by pattern recognition receptors (PRRs) (Boller and Felix, 2009) . Plant immunity can be divided into two categories, PAMP-triggered immunity (PTI) and effectortriggered immunity (ETI) (Fig. 1A) (Zipfel, 2014; Conrath et al., 2015) . PTI includes a broad spectrum of defenses such as accumulation of reactive oxygen species (ROS), mitogenactivated protein kinase (MAPK)-dependent signaling cascades, induction of defense genes and synthesis of salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) (Boller and Felix, 2009 ). However, pathogens often produce effectors that interfere with the activation of PTI and are recognized by specific resistance (R) proteins, inducing the ETI that triggers a hypersensitive response (Jones and Dangl, 2006; Craig et al., 2009) . Both mechanisms work coordinately to block the invasion of pathogens, locally and systemically by priming the defense responses (Craig et al., 2009; Tsuda and Somssich, 2015) . The priming defense includes the systemic and induced acquired resistance (SAR and IAR) that depend on the coordinated effect of the plant hormones SA, JA, and ET (Conrath et al., 2015) . Remarkably, fragments of the cuticle have been described as being perceived as DAMPs by the plant and by the microorganism, activating different process during pathogenesis ).
Here we describe recent evidence of how differences in the chemical and physical composition of the cuticle regulate the intimate interactions between the plants and pathogenic and non-pathogenic microorganisms, putting special emphasis on bacteria and fungi. Additionally, we describe how plant defense responses are modulated by the cuticular-derived DAMPs. Changes in the plant-microbe interactions due to cuticular modifications are listed in Table 1 . Finally, we discuss how this information can be used to improve plant breeding and biological control programs.
Bacterial communities associated with the cuticular surface
The plant leaf surface is considered to be a harsh environment for microorganisms, since they are exposed to adverse conditions such as supra-optimal radiation, limited moisture, precipitation, and dramatic shifts in temperature (Hirano and Upper, 2000; Marcell and Beattie, 2002; Zinsou et al., 2006) . Nevertheless, the aerial parts of plants provide a heterogeneous environment, termed the phyllosphere, for a large number of microbial communities including bacteria, yeasts, viruses, and fungi (Lindow and Brandl, 2003; Whipps et al., 2008) . Several excellent reviews have summarized earlier work on phyllosphere microbiology and ecology (Beattie and Lindow, 1999; Leveau, 2007; Whipps et al., 2008; Vorholt, 2012; Vacher et al., 2016) .
Bacteria are the most abundant colonizers of the phyllosphere and referred to as epiphytes. Beneficial bacteria predominate in this biotype, but some phytopathogens also take advantage of the conditions they find there and use it for the first stage of infection. Epiphytic bacteria are capable of thriving on plant leaf surfaces and it has been estimated that their global population could reach up to 10 26 cells (Lindow and Brandl, 2003; Whipps et al., 2008) . Bacterial communities are generally dominated by the phylum Proteobacteria, including Methylobacterium, Sphingomonas, Xanthomonas, Pantoea, and Pseudomonas (Delmotte et al., 2009; Vorholt, 2012; Vogel et al., 2016) , although other bacterial phyla such as Actinobacteria, Bacteroidetes, and Firmicutes have also been identified at the core of the phyllosphere community (Vorholt, 2012; Bulgarelli et al., 2013) . Most of them colonize the plant surfaces as large and heterogeneous aggregates, which allows them to withstand the surrounding conditions (Kinkel and Lindow, 1993; Vorholt, 2012) . These aggregate structures confer on them the advantage of maintaining a hydrated surface through production of extracellular polymeric substances (Lindow and Brandl, 2003; Whipps et al., 2008) . This production plays an important role (adhesion) in the epiphytic style of some of the pathogenic bacteria that colonize the plant surface. Furthermore, bacteria must also deal with leaf traits, including the hydrophobic composition of the cuticle and an irregular distribution of nutrients, due to variation in the availability of plant-leached metabolites at the leaf surface, including several carbon sources (i.e. amino acids, organic acids, sugar alcohols), and volatile organic compounds such as isoprenes, monoterpenes, and methanol (Hirano and Upper, 2000; Lindow and Brandl, 2003; Whipps et al., 2008; Vacher et al., 2016) . These characteristics suggest that both epiphytic pathogenic and nonpathogenic bacterial populations are directly influenced by certain environmental conditions and indirectly by the metabolism of their host, so that only adapted bacteria can survive. Because of the hydrophobic nature of the cuticle, epiphytic bacteria are able to produce compounds with surfactant properties (Fig. 1A ). An example is syringafactin, produced by the well-characterized pathogenic bacterium Pseudomonas syringae; it facilitates flagellum-dependent motility and increased cuticle permeability necessary for diffusion and solubilization of substrates to occur, making the substrates available at the leaf surface (Knoll and Schreiber, 1998; Burch et al., 2012; Pfeilmeier et al., 2016) . Since they obtain nutrients from living plant cells, these pathogens are considered to be biotrophic (Melotto et al., 2008; Baker et al., 2010; Pfeilmeier et al., 2016) , but during its infection cycle, P. syringae is able to epiphytically colonize the plant surface at the cuticular level, before entry and growth into the apoplast ( Fig. 1A ; Hirano and Upper, 2000) . It would be interesting to know why P. syringae chooses to be epiphytic In order to survive and thrive, epiphytic bacteria produce antibiotics and extracellular polymeric substances (EPS) that help them to form aggregates and induce quorum sensing (QS), which is biosurfactant production to increase cuticle permeability and make plant-leached metabolites (i.e. nutrients) and volatile organic compounds (VOCs) available to the leaf surface. Pathogenic bacteria are able to grow epiphytically on the surface and then change to an endophytic lifestyle. To avoid the plant cuticle, bacteria swim toward openings, the stomata (shown in orange); once they are in the apoplast plants can recognize the invasion by the interaction of PRRs with MAMPs/PAPMs triggering the PTI, as well as DAMPs (shown as yellow cubes for cell-wall degradation products and red cubes for cuticle monomers). Nevertheless, bacteria can produce effectors to inhibit PTI, but if these elicitors are recognized by the plant, then ETI is induced, leading to a cell-death response. (B) Changes in cutin structure modify epiphytic bacteria. For instance, PEC1 (an ABC transporter) and α/β hydrolase (BDG) involved in cutin biosynthesis are important to beneficial bacterial communities. Similarly, LACS2 shows an increase of the beneficial bacterium Sphingomonas melonis Fr1 (brown). In particular, an increase in S. melonis Fr1 induces a growth inhibition of the pathogen Pseudomonas syringae (purple), probably by the production of antibiotics (blue circles), nutrient competition and/or activation of PTI by recognition of MAMPs (yellow squares). Interestingly, the product of CYP86A2/ATT1 indirectly represses the P. syringae type III gene avrPto (green circles). This inhibition might be mediated by certain fatty acids related to biosynthesis of cutin monomers (ω-OH Fas-CoA or ω-OOH Fas-CoA). The cuticular wax enzyme CER1 appears to be important in fatty acid elongation (FAE) to produce alkanes as components of waxes acting as signals in resistance to P. syringae. Benikhlef et al. (2013) , Seo et al. (2011) aba2 and aba3
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Alcohol dehydrogenase (NAD) and Mo cofactor sulfurase activity ABA Biosynthesis et al. (2011) before infecting the internal tissues of the plant through natural openings. Several authors have identified possible evolutionary forces that may explain why foliar pathogenic bacteria multiply on plant surface. Some of them respond to a cell population density, mainly by quorum sensing (Hirano and Upper, 2000; Melotto et al., 2008; Pfeilmeier et al., 2016) . Once a certain size of bacterial population is reached, foliar pathogenic bacteria are ready to enter the apoplast (Fig. 1A ). Significant advances have been made in understanding how these bacteria use several strategies to deal with plant innate immunity. However, it is not completely known if specific components of the leaf cuticle play a direct role in early communication between plants and in the formation of epiphytic plant bacterial colonies. Below, we describe the probable roles that the plant cuticle structure plays for both epiphytic pathogenic and non-pathogenic bacteria populations living at the phyllosphere.
Changes in cuticle modify plant-pathogenic bacteria interactions
Cuticular mutants have been evaluated during the interaction between plants and Pseudomonas syringae. One of them, the att1 Arabidopsis mutant derived from the gene ATT1 (Aberrant induction of Type Three genes1) coding for a cytochrome P450 monoxygenase enzyme, CYP86A2, has been characterized as playing a role in the formation of C 16 and C 18 ω-hydroxy fatty acids, which are essential for cutin structure. att1 has a cutin content reduced to 30% compared with the wild-type and shows enhanced susceptibility to the virulent P. syringae pv. tomato (Pst) DC3000 (Xiao et al., 2004) . Remarkably, CYP86A2 represses the gene expression of the bacterial type III protein avrPto, involved in P. syringae virulence ( Fig. 1B ; Xiao et al., 2004) . This suggests that CYP86A2 indirectly represses bacterial gene expression from the intercellular space, either by means of certain lipids such as cutin monomers or by other fatty acids related to cutin monomers that are synthetized by this enzyme ( Fig. 1B ; Xiao et al., 2004; Reina-Pinto and Yephremov, 2009 ).
Another example was described by Tang et al. (2007) , who identified the sma4 mutant (symptoms to multiple avr4), which displayed severe disease symptoms after infection with P. syringae DC3000. The SMA4 gene was identified by positional cloning as encoding LACS2, a member of the family of acyl-activating enzymes LACS (acyl-CoA synthetase), involved in cutin biosynthesis ( Fig. 1B ; Schnurr et al., 2004) . Additionally, Bourdenx et al. (2011) reported the characterization of the Arabidopsis ECERIFERUM1 (CER1), predicted to encode the enzyme CER1. cer1 is the only mutant described so far to be involved in alkane biosynthesis, with reduced wax content related to plant-bacteria interactions (Aarts et al., 1995; Bourdenx et al., 2011) . Interestingly, CER1-overexpressing lines, where the amount of alkane is increased and it accumulated on the leaf surface, show reduced leaf permeability and enhanced susceptibility to P. syringae DC3000 (Bourdenx et al., 2011) . VLCFA derivates have been reported as signaling molecules of the plant immune response to pathogen attacks (Shah, 2005) Weis et al. (2014) nt, not tested. Regulation of plant-microorganism interaction at the cuticle | 5343 over-accumulation might lead to defense response inhibition (Bourdenx et al., 2011) . Finally, it has been shown that some lipids can participate in the activation of SAR. Xia et al. (2009) found that an acyl carrier protein, ACP4, involved in the biosynthesis of cuticular C 16 or C 18 fatty acids, is required to perceive the mobile SAR signal in distal tissues of Arabidopsis. The acp4 mutant was able to generate the mobile signal required for inducing SAR, but was unable to induce a systemic response, suggesting that loss of signal perception in acp4 is related to defective cuticles (Xia et al., 2009) . From the above results we can conclude that there is evidence that cuticle-derived signals are involved in the early interactions between plants and pathogenic bacteria. However, further investigations are needed to clarify these observations.
For instance, analysis of the composition of leaf cutin monomers was not performed in the mentioned studies, with the exception of Xiao et al. (2004) , where alteration of leaf cuticle in the att1/cyp86a2 plants was observed using transmission electron microscopy images. Additionally, answering the following questions, might improve our understanding about cuticular components acting as signaling molecules during plant-bacteria interactions: What are the cuticle related-molecules that induce bacterial pathogenesis? And why do certain cuticle elements allow or limit pathogenic bacterial colonization? Identification of these cuticular components, for example using quantitative analytical techniques, during the interaction with bacteria will bring us useful information to develop new strategies for plant protection.
Cuticular composition influences colonization of epiphytic non-pathogenic bacteria
Only a few studies have been focused on finding out if a specific cuticular trait, such as wax or cutin composition, exerts an effect on colonization of non-pathogenic bacterial. To cite some examples, cuticular mutants of maize and Arabidopsis have been studied for this purpose (Marcell and Beattie, 2002; Reisberg et al., 2013; Bodenhausen et al., 2014; Ritpitakphong et al., 2016) . Here we describe in detail these reports. Marcell and Beattie (2002) used four maize (Zea mays L.) glossy mutants, gl1, gl3, gl4 and gl5/gl20, which have altered composition of their juvenile waxes and a glossy appearance of the leaves. These mutants were previously characterized to possess a similar wax composition on their juvenile leaves, compared with adult wild-type leaves (Marcell and Beattie, 2002) . The composition of the adult waxes of the wild-type maize leaves consisted of smaller percentages of primary alcohols (14%) and aldehydes (9%), and higher percentages of esters (42%) and alkanes (17%) compared with the composition of the wild-type juvenile leaf waxes. Besides these features, it is important to note that gl1, gl3, gl4, and gl5/gl20 mutants produced less epicuticular crystalline waxes, showing a more hydrophilic surface compared with the wild-type (Marcell and Beattie, 2002) . All these properties were used to study the influence of the leaf surface waxes during plantbacteria interaction and thereby to evaluate the colonization of two bacterial species, the common saprophyte Pantoea agglomerans and the pathogen Clavibacter michiganensis. gl1, gl5/gl20, and gl3 retained bigger bacterial populations (approximately 10 6 cells per gram of leaf) than the wild-type 96 h post-inoculation, while the gl4 mutant showed a clear difference in the dynamics of C. michiganensis and P. agglomerans, reaching a population density of 2 × 10 7 cells per gram of leaf after the same period of time. The authors also evaluated the effect of the density of crystal waxes of the wild-type leaves on bacterial colonization, introducing gaps among them. These surface-altered leaves supported larger bacterial populations of P. agglomerans compared with wild-type nonaltered leaves. According to these results, it is worthy of note that changes in the composition of the cuticular waxes can be an important factor in determining the size of a specific bacterial population, whether it is a beneficial or a pathogenic microorganism. Reisberg et al. (2013) used the Arabidopsis eceriferum mutants (cer1, cer6, cer9, and cer16) involved in cuticle biosynthesis to evaluate whether these mutations would affect the bacterial populations from natural colonizing phyllosphere bacteria (Reisberg et al., 2013) . The authors revealed that members of the bacterial genera Sphingomonas, Pseudomonas, Rhodococcus, Methylobacterium, and Burkholderiales, known to be phyllosphere colonizers in other plant species, are part of the Arabidopsis 'core' community (Delmotte et al., 2009; Vorholt, 2012) . However, other phylotypes such as Pedobacter and Flavobacterium were identified and seemed to be more specific to Arabidopsis (Vorholt, 2012; Bodenhausen et al., 2013) . Additionally, Bodenhausen et al. (2014) studied the changes induced in the well-defined bacterial communities, previously identified, on the leaf surface of Arabidopsis mutant impaired in cutin biosynthesis lacs2 and pec1 (Fig. 1B) (Delmotte et al., 2009; Vorholt, 2012; Bodenhausen et al., 2013; Bodenhausen et al., 2014) . From these analyses the authors determined that cuticle synthesis is an important factor for the bacterial community composition, since more members of genus Variovorax were observed on lacs2 and pec1, but fewer bacteria of the genus Rhodococcus, Sphingomonas sp. Fr1, and S. phyllosphaerae, compared with wild-type plants (Fig. 1B) .
By analysing the phyllosphere of cuticular mutants bdg and lacs2 (Fig. 1B) , it was determined that microbes on the plant surface are important factors for plant resistance against the fungal pathogen Botrytis cinerea (Ritpitakphong et al., 2016) . Under non-sterile conditions bdg and lacs2 are fully resistant to the necrotrophic B. cinerea (Serrano et al., 2014) . However, when the plants were grown and inoculated under sterile conditions, the mutant bdg became as susceptible as the wild-type plant, while the lacs2 mutant retained resistance (Ritpitakphong et al., 2016) . Remarkably, bdg resistance was restored when lacs2-phyllosphere microbiome was applied on the leaf surface. The most abundant bacterial genera identified in the cuticular mutants were Pseudomonas and Rhizobium, while in the wild-type plants Burkholderia was the most abundant genus. Interestingly, a Pseudomonas sp., isolated from the microbiome of bdg, provided resistance to B. cinerea on wild-type plants (Ritpitakphong et al., 2016) . These results indicated that the microbiome of the leaf surface of Arabidopsis cuticular mutants can protect against the fungal pathogen B. cinerea.
Summarizing the above observations, the model plants maize and Arabidopsis have provided clear supporting evidence that epicuticular wax and cutin composition have an impact on diversity and abundance of non-pathogenic bacterial communities. However, many questions await answers. It will be necessary to determine if there is a direct effect of a specific wax composition on how cutin compounds might influence the beneficial bacterial colonization and how these traits lead and shape a specific target bacterial genus.
Regulation of plant-fungi interaction by the cuticle
Plants and fungi have coexisted and coevolved during the last 400-460 million years. They developed complex, beneficial and harmful interactions during this time (Heckman et al., 2001) . One example of this complexity is the mutually beneficial symbiotic interactions with arbuscular mycorrhiza (Bonfante and Genre, 2008) and the success of this interaction is clear, since approximately 80% of plant species are associated with a symbiotic fungus (Karandashov et al., 2004) . On the other hand, diseases caused by fungi are one of the most economically important factors to affect agriculture (Dean et al., 2012) . For instance, in the USA alone the cost of the annual control of fungus-induced diseases can reach $23.5 billion (Rossman, 2009 ). In the aerial parts of the plant, the first contact between plants and fungi takes place at the cuticle and for this reason, as expected, this structure plays an important regulatory role during these interactions. Here we describe how changes in plant cuticle structure and chemistry regulate the pre-penetration and colonization process of fungi and induction of the plant defense response.
How can cuticular wax and cutin modify the development of fungal pre-penetration structures?
Plant-fungi intimate interactions are triggered by the ability of the microorganisms to attach to the leaf surface. Epicuticular and intracuticular waxes make the plant cuticle a highly hydrophobic interface, repelling water, aqueous solutions, polar mucilages, and microorganism with polar coatings (Müller and Riederer, 2005; Nawrath et al., 2013) . In some cases, in order to overcome the cuticle barrier, fungal spores excrete extracellular material containing hydrophobic proteins that function as adhesive compounds to the leaf surface (Carver et al., 1999) . For the powdery mildew Blumeria graminis, almost immediately after the first contact takes place at the epicuticular wax layer, production of a proteinaceous matrix outside the conidia is induced and coordinates the germination and the differentiation of the conidia (Nielsen et al., 2000; Wright et al., 2002) . Recently, using a forward genetics approach in Medicago truncatula Tnt1 insertion lines, the inhibitor of rust germ tube differentiation1 (irg1/palm1) mutant was identified, turning out to be a transcription factor, PALM1, which is implicated in the induction of genes involved in epicuticular wax biosynthesis (Uppalapati et al., 2012) . Additionally, the mutant showed reduced amounts of abaxial epicuticular wax crystals and reduced leaf surface hydrophobicity, inhibiting the preinfection process of two rust pathogens, Phakopsora pachyrhizi and Puccinia emaculata, and the anthracnose pathogen Colletotrichum trifolii (Uppalapati et al., 2012) . However, not only the physical properties of cuticle, namely hydrophobicity, determine the beginning of the pre-penetration process, but also the cuticle's chemical composition.
Previously, it has been described that chemical components of cuticular wax, including long-chain alcohols, triterpenoids, and aldehydes, are important during the initial fungal pre-invasion stages, such as spore germination and appressorium formation (Ahmed et al., 2003; Inada and Savory, 2011) . Interestingly, the pre-penetration process of the biotrophic fungus Golovinomyces orontii, which causes powdery mildew disease on Arabidopsis, was inhibited in the eceriferum (cer) mutants cer3/wax2 but not in cer1 (Inada and Savory, 2011) . CER1 (Fig. 1B) and CER3/WAX2 have been described as participating in wax biosynthesis (Chen et al., 2003; Rowland et al., 2007; Bourdenx et al., 2011; Mao et al., 2012) , and additionally, CER1 interacts with itself and with CER3 and CYTB5s to reconstitute biosynthesis of a very-long-chain alkane in a heterologous yeast system (Bernard et al., 2012) . Interestingly, CER1 and CER3/WAX2 are similar in amino acid sequence but have different cuticular properties (Aarts et al., 1995; Chen et al., 2003; Bourdenx et al., 2011) . cer1 and cer3/wax2 have been described as possessing a reduced amount of cuticular wax on both stems and leaves (Jenks et al., 1995) , but only cer3/wax2 showed increased cuticle permeability (Inada and Savory, 2011) . This last observation might suggest that pre-invasion inhibition is due to changes in permeability. However, a similar fungal development stage is not affected in another Arabidopsis mutant with high permeability (lacs2; Bessire et al., 2007) . This indicates, once more, that this phenotype can be due to changes in the cuticular wax chemical composition rather than changes in cuticle permeability. For instance, the lack of epicuticular waxes on the barley mutant cer did not affect the pre-penetration process, but removal of the major wax components hexacosanol and hexacosanal reduced conidial germination and differentiation of Blumeria graminis by 20% (Zabka et al., 2008) . Remarkably, cuticular wax components, the very-long-chain aldehydes, have been described as inducing the pre-penetration process of B. graminis in barley and maize (Hansjakob et al., 2010; Hansjakob et al., 2011; Weidenbach et al., 2015) , and have been characterized as stimulating the migration of the nucleus inside the conidia, close to the site of primary germ-tube emergence (Hansjakob et al., 2012) . It is worth mentioning that this chemical regulation by the plant seems to be very specific between the host and its fungal invader; for example, only the cuticular terpenoids from avocado can modify the pre-penetration development of its own pathogen, Colletotrichum gloeosporioides, but they did not affect the growth of other Colletotrichum species (Podila et al., 1993) .
Besides cuticular waxes, cutin monomers can also regulate the initial events during plant interactions with fungi. Several reports have shown that perception of C 16 cutin monomers activates the fungal pre-penetration machinery, including the induction of cuticle-degrading enzymes such as cutinase (Li et al., 2002; Ahmed et al., 2003) . In fact, cutinases have been described as being required for spore attachment on the plant surface of several phytopathogens including Uromyces viciae-fabae, Colletotrichum graminicola and Blumeria graminis (Deising et al., 1992; Pascholati et al., 1992 Pascholati et al., , 1993 . Interestingly, activation of these enzymes is also important for the subsequent stages of pathogenesis. For instance, the expression of the cutinase2 gene (CUT2) from Magnaporthe grisea is up-regulated during appressorium development and fungal penetration (Skamnioti and Gurr, 2007) . Remarkably, cut2 mutants are less pathogenic in rice and barley, due to changes in the development of pre-penetration structures, such as germ tubes and appressoria. However, those defects can be fully restored by exogenous application of synthetic cutin monomers (Skamnioti and Gurr, 2007) . It has been suggested that cutin monomers can also modify the interaction between fungi and the plant root. Even if roots do not contain cutin, but only the structurally related compound suberin, it has been recently reported that arbuscular mycorrhizal fungi can perceive cutin monomers as a signal (Wang et al., 2012) . This observation raises an interesting open question: could the cutin monomers have modulated the interactions between ancient land plants (without roots) and fungi resembling mycorrhizas since the beginning of plant-fungi interactions (Murray et al., 2013) ? This highlights the importance of cutin monomers during the early steps of plant-fungi interactions and its characterization could unravel the molecular mechanisms that both organisms use to communicate with each other.
How can the cuticle affect the development of penetration structures?
Once a pathogens has attached to the leaf surface and prepenetration structures are developed, the infection of the fungus into the plant intracellular space can begin. Several strategies are used by fungi to penetrate the plant cuticle, including entry through natural openings such as stomata and inflicted wounds and/or use of osmotic force and lytic enzymes. However, other pathogens such as Magnaporthe oryzae, Ustilago maydis and Colletotrichum sp., use the specialized penetration structures called appressoria (Zeilinger et al., 2016) . Appressorial development is initiated by sensing the cutin monomer 16-hydroxy hexadecanoic acid by the putative sensor proteins Msb2 and Sho1, which activate an MAPK-dependent signaling pathway leading to a genomewide transcriptional reprograming in the fungus (Lanver et al., 2014; Ryder and Talbot, 2015) . Multiple reports have described an intimate regulation by cuticular wax and cutin monomers of appressorial development in different fungal species. For example, changes in the metabolic enzymes involved in the biosynthesis of VLCFAs such as CYP96B22 and CYP83A1 and the wax mutant glossy11 showed a modification of appressorial development in Magnaporthe oryzae, Erysiphe cruciferarum, and Blumeria graminis in barley, Arabidopsis, and maize, respectively (Hansjakob et al., 2011; Delventhal et al., 2014; Weis et al., 2014) . Interestingly, formation of appressoria in the mutants cyp83a1 and glossy11 can be chemically restored by exogenous application of the C 26 aldehyde n-hexacosanal (Hansjakob et al., 2011; Weis et al., 2014) . Additionally, cutin monomers can also modify appressorium development of Blumeria graminis and Ustilago maydis (Francis et al., 1996; Mendoza-Mendoza et al., 2009) . Nevertheless, not all fungi use appressoria to infect plants, and other pathogens such as B. cinerea use lytic enzymes to degrade the cuticle. Additionally, it has been previously described that germination of B. cinerea spores in the presence of waxes leads to changes in gene expression and conidia development (Leroch et al., 2013) . Remarkably, in a follow-up characterization, the authors described Msb2 as a sensor of the cuticle chemical components that regulate germling and hyphae development, leading to the formation of the infection structure by activation of a BMP1 MAPK-dependent signaling pathway in B. cinerea (Leroch et al., 2015) . These results point out a similar regulation, induced by cuticular wax and cutin monomers, of several pathogenic fungi with different penetration strategies.
Plant defense responses against fungi induced by cuticular components
Changes in cuticular wax and cutin play an important role during plant-pathogen interactions and have been extensively described in several reviews Reina-Pinto and Yephremov, 2009; Serrano et al., 2014) . As a physical barrier, one of the cuticle's main functions is to regulate abiotic and biotic stresses. For this reason, changes in cuticle permeability lead to high sensibility to different abiotic stresses, such as drought and herbicide treatments, mainly because molecules can be released faster from the apoplast and/or can quickly penetrate into the plant cell (Nawrath et al., 2013) . Surprisingly, changes in the plant cuticle during interaction with the necrotrophic fungus B. cinerea lead to an unexpected outcome. Defense mechanisms against B. cinerea are enhanced in Arabidopsis and Solanum lycopersicum mutants with increased leaf permeability and modified cutin biosynthesis, leading to full resistance against this pathogen (Bessire et al., 2007; Chassot et al., 2007; Tang et al., 2007; Li et al., 2007; Voisin et al., 2009; Nawrath et al., 2013; Serrano et al., 2014) . In agreement with these observations, it has recently been described that overexpression of the negative regulator of wax biosynthesis, AP2/ERF-type transcription factor DEWAX, leads to an increase leaf permeability and ROS accumulation, up-regulation of defenseresponse genes and resistance to B. cinerea in Arabidopsis and Camelina sativa plants (Ju et al., 2017) . One hypothesis to explain this response is that once B. cinerea spores have landed on the more permeable leaf surface, fragments from the pathogen and from the plant cuticle can be released and potentially detected more rapidly and/or be efficiently recognized by the plant as MAMPs and DAMPs, leading to the establishment of plant innate immunity. In several plant species, PRRs have been described as recognizing fungus-derived MAMPs, including CERK1, LYK4, LYM2, and CEBiP, which recognized chitin and EIX2 interacting with xylanase (reviewed in Zipfel, 2014) . However, even if there is evidence that the plant can recognize cutin monomers as DAMPs and afterwards induce the defense responses against fungal pathogens (Schweizer et al., 1994) , to our knowledge, the molecular mechanism that recognizes cuticular components and triggers the defense response still has to been identified. In order to resolve this, we are currently screening for Arabidopsis mutants that no longer respond to cutin monomers (Aragón and Serrano, unpublished).
Future biotechnological perspectives
Since the cuticle is involved in the regulation of multiple biotic and abiotic interactions, its characterization and modification might lead to broad biotechnological applications. Here we describe some of them, including crop improvement, by modification of cuticle biochemistry, changes in the phyllosphere, and production of metabolites that potentially can regulate plant-microbe interactions.
In order to identify how the grape berry cuticle modifies agronomically related traits, 42 cultivars were physiologically and biochemically characterized. From this analysis, several plants were identified as showing increased resistance to B. cinerea, and this phenotype was directly related to the berry surface biochemistry, in particular to the content of cutin and wax (Gabler et al., 2003) . Interestingly, using a sensor-based method, measuring the electrical impedance of the grape berry cuticles and its epicuticular waxes, it was possible to confirm the correlation with resistance against B. cinerea, and to have a robust platform to identify varieties resistant to this pathogen (Herzog et al., 2015) . Additionally, using tomato fruit as a model, researchers have found a link between cuticle function and different phenotypes, including water loss/uptake, protection against UV radiation, mechanical support, self-cleaning surfaces, and resistance to pathogens (Martin and Rose, 2014) . All this information, generated by both traditional and new tools, based on agronomically related traits, can now be used by plant breeders to select new varieties using marker-assisted selection (Yadav et al., 2017) . The phyllosphere is formed by different kinds of microbes, including prokaryotes and eukaryotes such as bacteria and fungi, oomycetes and other protists. These plant-associated microorganisms have been described as extending beneficial traits to their host, including resistance to biotic and to abiotic stresses, uptake of nutrients and water, and triggering hormone-induced plant growth (Partida-Martínez and Heil, 2011; Bulgarelli et al., 2013) . Recently, Vogel et al. (2016) identified the protective ability of epiphytic non-pathogenic bacteria such as Sphingomonas melonis Fr1 (S.Fr1) and Methylobacterium extorquens PA1 against Pseudomonas syringae DC3000 (Fig. 1B) and found that this protection is related to the induction of plant defense response genes (Vogel et al., 2016) . Indeed, Innerebner et al. (2011) showed that members of the genus Sphingomonas also confer protection against the pathogen P. syringae DC3000, suggesting that substrate competition plays a role in plant protection by these bacteria, although an antibiosis mechanism was not excluded (Fig. 1B) . Also as a side effect, the environment can be recovered by the degradation, detoxification and sequestration of pollutants mediated by these plant-resident microorganisms (Weyens et al., 2015) . Additionally, it has been described that changes in cuticle composition have a direct effect on the plant phyllosphere (Bodenhausen et al., 2014) . For instance, analysing the phyllosphere of cuticular mutants bdg and lacs2 determined that microbes on the plant surface are important factors for plant resistance against the fungal pathogen B. cinerea (Ritpitakphong et al., 2016) . Based on this information, future plant breeding programs should be supported by close analysis of host-phyllosphere interactions, in particular the changes induced by cuticular composition (Kroll et al., 2017) .
Finally, Arabidopsis mutants (Table 1 ) with a modified cuticle have been shown to release diffusates that inhibit the development of B. cinerea on susceptible plants (Bessire et al., 2007; Chassot et al., 2007; Benikhlef et al., 2013) , though the biochemical nature of these diffusates is unknown. In order to identify the commonly presented metabolites in the diffusates that might lead to the resistance against B. cinerea, a metabolomic analysis was performed and 174 compounds were identified. Identification and characterization of these diffusates can lead to biotechnological applications against this important pathogen resident on the cuticle. However, whether these chemicals cause the inhibition of fungal growth is under investigation (L'Haridon and Serrano, unpublished data). To our knowledge, there is no evidence that other plants with a modified cuticle can release similar compounds and extend similar protection to B. cinerea or other microorganism and this deserves further investigation.
Conclusion
Summarizing, here we have described the important role of cutin monomers and waxes as signaling molecules during initial bacteria-plant and fungi-plant interactions. A few studies have shown that cuticular components are essential and important drivers of the bacterial community structure and size. On the other hand, cuticular components are also important for both pathogens and plants, to initiate the pre-invasion and infection process and to activate the innate immune response, respectively. Nevertheless, we are far from fully understanding these interactions. Future research will be needed to identify exactly which cuticular components are acting as signal molecules, how they are recognized, and how they are able to modify the development of the plant and the microorganisms. The answers to these questions will give us an insight into their use in plant breeding programs and other biotechnological applications.
